Characterization of soybean GmPUB1 proteins that interact with the \u3ci\u3ePhytophthora sojae\u3c/i\u3e effector Avr1b protein by Li, Shan
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2010
Characterization of soybean GmPUB1 proteins
that interact with the Phytophthora sojae effector
Avr1b protein
Shan Li
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Agronomy and Crop Sciences Commons
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Li, Shan, "Characterization of soybean GmPUB1 proteins that interact with the Phytophthora sojae effector Avr1b protein" (2010).
Graduate Theses and Dissertations. 11860.
https://lib.dr.iastate.edu/etd/11860
  
Characterization of soybean GmPUB1 proteins that interact with the 
Phytophthora sojae effector Avr1b protein 
 
 
by 
 
 
Shan Li 
 
 
 
 
A thesis submitted to the graduate faculty 
 
in partial fulfillment of the requirements for the degree of 
 
MASTER OF SCIENCE 
 
 
 
 
                                             Major: Plant Biology 
Program of Study Committee: 
Madan K. Bhattacharyya, Major Professor 
Volker Brendel 
Steve Whitham 
Xiaoqiu Huang 
 
 
 
 
 
                                            Iowa State University 
                                                   Ames, Iowa 
                                                        2010 
                                     Copyright © Shan Li, 2010. All rights reserved.
 ii 
 
TABLE OF CONTENTS 
 
LIST OF TABLES ........................................................................................................... iv 
 
LIST OF FIGURES .......................................................................................................... v 
 
ACKNOWLEDGEMENTS ............................................................................................ vi 
 
CHAPTER 1: GENERAL INTRODUCTION ............................................................... 1 
Soybean-Phytophthora sojae interaction ........................................................................ 1 
Plant immunity and effectors .......................................................................................... 1 
Rps genes and guard hypothesis ..................................................................................... 3 
Avirulence (Avr) proteins in Phytophthora sojae .......................................................... 5 
Ubiquitination ................................................................................................................. 6 
E3 ligases ........................................................................................................................ 8 
U-box proteins in plant defense pathways ...................................................................... 9 
Objective ....................................................................................................................... 12 
Thesis organization ....................................................................................................... 13 
References ..................................................................................................................... 13 
 
CHAPTER 2 INDENTIFICATION OF GmPUB1 INVOLVED IN ..........................  
PHYTOPHTHORA RESISTANCE.............................................................................. 24 
Abstract ......................................................................................................................... 24 
Introduction ................................................................................................................... 24 
Results ........................................................................................................................... 28 
Identification of two homologous U-box genes in soybean ..................................... 28 
Conserved Residues in the W and Y motifs of Avr1b are required for interaction  .  
of Avr1b with GmPUB1s.......................................................................................... 29 
Pull down assay confirms the in vitro interaction between Avr1b and GmPUB1s .. 30 
GmPUB1s were localized throughout the plant cell ................................................. 31 
Interaction of Avr1b and GmPUB1-1 was predominantly localized to the nuclei ... 31 
GmPUB1 silencing compromised Rps1k-mediated Phytophthora resistance .......... 33 
GmPUB1-1 is up-regulated by P. sojae infection ..................................................... 34 
Identification of GmPUB1-2-interactors by screening a soybean cDNA library ..... 35 
 iii 
 
Discussion ..................................................................................................................... 36 
Material and Methods ................................................................................................... 38 
Acknowledgements ....................................................................................................... 48 
References ..................................................................................................................... 48 
 
CHAPTER 3 GENERAL CONCLUSION ................................................................... 68 
 
APPENDIX EXPRESSION ANALYSIS OF GmPUB1-2_Int_4 ENCODING A .....  
ZINC FINGER PROTEIN ............................................................................................. 70 
References ..................................................................................................................... 70 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iv 
 
LIST OF TABLES 
 
Table 1. Candidate Avr1b-interactors showing in vivo interacton with Avr1b ................ 53 
Table 2. The nucleotide sequences of primers used in pull down assay ........................... 59 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 v 
 
LIST OF FIGURES 
 
 
Figure 1. Phylogenetic analysis of soybean U-box proteins, GmPUB1-1 and some     
GmPUB1-2 ....................................................................................................................... 54 
Figure 2. Interactions of GmPUB1s with Avr1b and mutant Avr1b proteins  ................. 56 
Figure 3. In vitro interactions of Avr1b with GmPUB1 proteins ..................................... 58 
Figure 4. Generation of fusion plasmids for localization of GmPUB1 proteins .............. 61 
Figure 5. Bimolecular fluorescence complementation suggests in vivo interaction 
between-Avr1b and GmPUB1-1 protein in onion epidermal cells ................................... 62 
Figure 6. GmPUB1-1 and GmPUB1-2 act as E3 ubiquitin ligases and are self-
ubiquitinated ..................................................................................................................... 63 
Figure 7. Reduced GmPUB1 transcript level following RNAi resulted in susceptible 
phenotype in Williams 82 cotyledons ............................................................................... 64 
Figure 8. Induction of GmPUB1-1 following P. sojae infection. ..................................... 66 
Figure 9. Identification of candidate substrates of GmPUB1 for plant defense pathway  67 
Figure 10. Transcripts analysis of GmPUB1-2_Int_4 following P. sojae infection ......... 72 
Figure 11. GmPUB1-2_Int_4 expression profile under various abiotic stresses .............. 73 
 
 
 
 
 
 
 
 
 
 
 vi 
 
ACKNOWLEDGEMENTS 
 
            I would like to thank all people who have helped and inspired me during my 
graduate study. 
            Foremost, I would like to thank my major professor Dr. Madan K. Bhattacharyya 
for his guidance, encouragement and support throughout this work.  
            Dr. Steve Whitham, Dr. Volker Brendel, Dr. Xiaoqiu Huang deserve special 
thanks as my POS committee members. In particular, I would like to thank Dr. Steve 
Whathm, DOGE of my program, for his encouragement and advice in both my research 
work and academic study.  
            I thank Dr. Brett Tyler for kindly providing us experimental materials and 
suggestions. My sincere thanks also go to all the present and former lab members: Rishi 
Sumit, Dr. Hargeet Brar, Dr. Sivakumar Swaminathan, Dr. Binod Sahu, Dr. Subodh 
Srivastava and Dr. Ramesh Pudake. 
            Finally, I am heartily thankful to my parents and friends for their love and support 
throughout my life. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 1 
 
CHAPTER 1: GENERAL INTRODUCTION 
 
Soybean-Phytophthora sojae interaction 
 
Soybean (Glycine max L. Merr) is an important agricultural crop that provides 
food and fuel to society. The pathogen Phytophthora sojae is the causal agent of root and 
stem rot disease in soybean. It belongs to oomycetes, which resemble fungi 
physiologically but is within the kingdom of Stramenopiles (Tyler et al., 2008). About 60 
species of Phytophthora genus are plants pathogens and cause destructive diseases on 
many agricultural plants (Qutob et al., 2002). The estimated annual loss of soybean from 
Phytophthora root and stem rot disease caused by P. sojae is valued to 300 million dollars 
in the US. This is the second most destructive soybean disease in USA. Rainfall and 
irrigation contributes positively to the disease. In certain year with heavy rainfall and 
poor drainage, soybean yield losses could reach 100% in the affected fields. Infection 
may occur in any growth stages. Seed rot and damping-off usually happen in the early 
development stage, while root and stem rot are observed in July when plants are near 
maturity. Symptoms develop as dark-brown discoloration progressing upward from lower 
stems and finally killing the entire plants (Slaminko et al., 2010; TYLER, 2007; Wang et 
al., 2006b). To fight against oomycete diseases, the soybean-P. sojae interaction has been 
extensively studied for understanding oomycete pathogenesis and signaling pathways 
(Dou et al., 2010). 
 
 
Plant immunity and effectors 
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Plants, unlike animals, lack mobile immune cells and any adaptive immune 
system (Iriti and Faoro, 2007; Jones and Takemoto, 2004). In order to survive, plants 
have evolved a number of strategies to combat diseases caused by various bacterial, 
fungal, viral pathogens. In addition to passive preformed barriers such as cell wall and 
antimicrobial secondary compounds (Martin et al., 2003), plants also have inducible 
defenses which are more powerful and versatile. The frontline of inducible defenses is the 
activation of PAMP-triggered immunity (PTI). Pathogen associated molecular patterns 
(PAMPs) are microorganisms‟ conserved structure or cell wall components, for example, 
fungal cell wall constituents (chitin, glucan, glycoprotein), bacterial flagellin and 
lipopolysaccharide (Erbs and Newman, 2003; Gómez-Gómez and Boller, 2002; 
Montesano et al., 2003). Detection of PAMPs by transmembrane pattern recognition 
receptors (PRRs) triggers immunity-related responses to halt pathogen growth. Those 
responses include oxidative burst, deposition of callose at the infection site, activation of 
mitogen-activated protein (MAP) kinase cascades, expression of pathogenesis-related 
(PR) genes and synthesis of antimicrobial compounds (Block et al., 2008).  
However, sometimes the PTI can be compromised by pathogen virulence proteins 
called effectors. The bacterial effectors are delivered into plant cell via the type III 
secretion system and employed to interfere host immune system to promote disease 
(Tyler et al., 2008). To combat this, plants evolved resistant (R) genes to recognize 
effectors, and thereby to induce effector triggered immunity (ETI). The effector 
recognized by cognate R protein is called avirulence (Avr) protein. A specific R gene 
confers plant resistance to a pathogen that produces the corresponding Avr gene product 
(Göhre and Robatzek, 2008). Commonly accompanied with ETI is the hypersensitive 
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response (HR) which displays rapid and localized cell death to limit pathogen growth 
(Qutob et al., 2002). The dead cells around the infection site are not able to support 
pathogen proliferation and prevent symptom from spreading to the entire plant 
(McDowell and Woffenden, 2003). 
The interactions between pathogens and host plants are classified as compatible 
and incompatible. The compatible interaction refers to disease symptom with microbial 
pathogen parasitizing living tissues. In contrast, the incompatible interaction results in 
resistance responses to limit disease spreading. HR is typical for incompatible interaction 
(Huang et al., 2005; Qutob et al., 2002). The recognition of pathogen Avr protein by plant 
resistance protein determines system‟s incompatibility to the invading pathogens (Qutob 
et al., 2002). 
 
Rps genes and guard hypothesis  
 
Soybean R genes which products recognize Avr proteins and trigger ETI are 
called Rps (Resistance to P. sojae) genes (Dong et al., 2009). Development of soybean 
cultivar with Rps genes has been the traditional and most effective way to combat 
Phytophthora rot disease in soybean. There are 15 Rps genes identified at eight loci in 
soybean genome that confer race-specific Phytophthora resistance (Dou et al., 2010). 
Rps1-k is among the most commonly used Rps genes and it encodes a CC-NB-LRR-type 
disease resistance protein (Gao et al., 2005; Slaminko et al., 2010).   
Earlier it was hypothesized that resistant proteins directly interact with effecter 
proteins. However, only a few examples have been reported; viz. the AvrPto from 
Pseudomonas syringae pv. tomato interacts with tomato Pto kinase, the AVR-Pita from 
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rice blast fungus Magnaporthe grisea interacts with rice Pi-ta protein, and the 
Pseudomonas syringae AvrRpt2 and AvrB form in vivo complexes with Arabidopsis 
Rps2 (Jia et al., 2000; Leister and Katagiri, 2000; Tang et al., 1996). Alternatively, Van 
der Biezen and Jones proposed the guard hypothesis to explain the undetectable 
interactions between R proteins and Avr proteins (Van der Biezen and Jones, 1998). This 
model suggests that R protein is a guard that senses pathogen-modified host proteins 
(guardees) and activate defense responses. Several guardees required for Avr-R signaling 
have been found in plants to support this model. In Arabidopsis, the R protein RPM1 
guards an RPM1-interacting protein (RIN4) from phosphorylation by effectors AvrB and 
AvrRpm1. Reduced RIN4 expression results in loss of RPM1 mediated hypersensitive 
response (Mackey et al., 2002; Schneider, 2002; Van der Hoorn et al., 2002). 
Besides characterization of the guardees, extensive studies are focused on 
searching for the downstream signaling components of R genes-mediated resistance 
(Martin et al., 2003). Yeast two-hybrid screening is commonly utilized in isolating the 
signaling components. Arobidopsis RIN4 protein was identified by a yeast two-hybrid 
screening using P. syringae effector AvrB as the bait. It is targeted by AvrRpm1 and 
AvrB and required for Rpm1-mediated resistance (Mackey et al., 2002).  
Barley Rar1 gene is a component in several R genes, including Mla6 and Mla12, 
signal transduction pathways. Using barley Rar1 as the bait, two SGT1 proteins important 
for the R gene-triggered, Rar1-dependent disease resistance pathway were identified 
(Azevedo et al., 2002). Besides R gene medicated race specific resistance, there is non-
host resistance which is characterized as immunity of all members of a plant species 
against a specific microorganism, pathogenic to other plant species. It produces no 
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symptom or hypersensitive responses upon infection (Mysore and Ryu, 2004). It is 
suggested that non-host and R gene mediated resistances share common signaling 
components (McDowell and Woffenden, 2003). For example, Nicotiana benthamiana 
ubiquitin ligase-associated protein SGT1 is involved in both R gene (N-, Rx-, Pto-) and 
non-host resistance (Liu et al., 2002; Peart et al., 2002). The homolog Hv SGT1 in barley 
is required for R gene-triggered and Rar1-dependent disease resistance (Azevedo et al., 
2002). It would be of great benefits to find guardee proteins or signaling components 
which may work as convergent target for plant defense pathways (McDowell and 
Woffenden, 2003).  
 
Avirulence (Avr) proteins in Phytophthora sojae  
 
So far 12 Avr genes have been indentified from P. sojae genome, most of which 
share two functional domains, the N-terminal RXLR domain and the C-terminal W, Y 
motifs (Dou et al., 2008b). The RXLR (Arg-X-Leu-Arg) domain is located downstream 
of the Avr protein signal peptide and enable binding to the phospholipid, 
phosphatidylinositol-3-phosphate (PI3P). Avr proteins with RXLR motif are transported 
into plant cell via endocytosis without additional help from pathogen (Dou et al., 2008a; 
Dou et al., 2010; Kale et al., 2010; Win et al., 2007). Bioinformatic analysis of P. sojae 
and P. ramorum genome sequences revealed these three conserved motifs, W, Y and L at 
the C-termini of more than half of the members of a large super family of candidate 
effector proteins. The W and Y motifs  are  involved in the interactions with R proteins 
and effector-related activities (Win et al., 2007).  
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Avr1b is a well-studied example among P. sojae Avr proteins. It encodes a 
mature secreted protein with 117 amino acids (Shan et al., 2004).  Enhanced virulence 
was found on Avr1b overexpressed P. sojae strains (Tyler et al., 2008). The culture 
supernatants containing secreted Avr1b protein from yeast could trigger cell death on 
soybean lines carrying the Rps1-b gene (Shan et al., 2004). The C-terminal W and Y 
motifs of Avr1b are critical for recognition by Rps1-b and its virulence activity in 
soybean lines lacking Rps1-b (Dou et al., 2008b).  
 
Ubiquitination 
 
An important theme in organism metabolism regulation is the recognition and 
selective removal of misfolded or short-lived cellular proteins which are harmful to cell 
viability. Unwanted proteins are eliminated or replaced with newly synthesized proteins 
to fine-tune homeostasis and regulate growth and development (Goldberg, 2003; Smalle 
and Vierstra, 2004). Degradation can be achieved either via protease activity or by highly 
sophisiticated machinery the ubiquitin-proteasome system (UPS) (Göhre and Robatzek, 
2008). The UPS plays important role in mediate signal transduction and stress responses 
pathways (Craig et al., 2009). 
Ubiquitin (Ub), as its name suggested, exists in all eukaryotes and highly 
conserved (Laney and Hochstrasser, 1999). Plant Ub amino acid sequence differs from 
yeast Ub by two residues and from animals Ub by three residues (Smalle and Vierstra, 
2004). This 76-amino acid polypeptide directs protein post-translational modifications 
and regulates almost all cellular processes (Fang and Weissman, 2004). The formation of 
isopeptide linkage between ubiquitin C-terminal glycine residue and substrate lysine 
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residue is called ubiquitination (Shirsekar et al., 2010). There are mono-, multi-, poly-
ubiquitination, depending on the number and position of ubiquitin molecules. The 
attachment of a single ubiquitin on a single lysine residue or on multiple lysine residues 
is monoubiquitination and multiubiquitination respectively (Komander, 2009; Woelk et 
al., 2007). There are seven Lys residues (K6, K11, K27, K29, K33, K48 and K63) within 
the ubiquitin molecule (Fang and Weissman, 2004). All of them can be potential 
acceptors for the additional ubiqitin molecules to form ubiquitin chains. The attachment 
of ubiquitin chains (>4 Ubs) is called polyubiquitination. Polyubiquitin numbers and 
different linkage represent distinct intracellular signals and function in distinct biological 
processes (Hatakeyama and Nakayama, 2003; Pickart and Fushman, 2004). Polyubiquitin 
chains are generally formed through K48 or K63 or rarely K29 (Fang and Weissman, 
2004). The K48-linked poly Ub chain is the most well characterized and present a signal 
for protein degradation by the 26S proeasome (Fang and Weissman, 2004; Pickart and 
Fushman, 2004). Substrates are poly-Ub chains linked through lysine 48 (K48) and 
trafficking to the proteasome for degradation. This Ub-involving proteolytic system plays 
a central role in eliminating unwanted and short-lived proteins including transcription 
factors, signal transducers and modulators (Laney and Hochstrasser, 1999). On the other 
hand, protein monoubiquitination or polyubiquitination through alternative linkages 
transmits non-proteolytic signal mediating DNA repair, endocytosis trafficking and 
kinase activiation, cell-surface receptor internalization and degradation via lysosomes, 
regulation of transcription and translation (Craig et al., 2009; Hicke, 2001; Komander, 
2009; Shirsekar et al., 2010; Sullivan et al., 2003). 
 
 8 
 
E3 ligases  
 
The ubiquitination is mediated by a multi-enzyme cascade and involves three key 
enzymes: E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme), E3 
(ubiquitin-protein ligase) (Aravind and Koonin, 2000; Fang and Weissman, 2004). First 
ubiquitin is activated by E1 in an ATP-dependent manner and transferred to E2. E3 binds 
the E2-ubiquitin complex and substrate protein and transfers the ubiquitin from E2 to a 
lysine residue in the substrate (Aravind and Koonin, 2000). In some cases, E4, a 
multiubiquitin chain assembly factor, is utilized to facilitate polyubiquitin chain assembly 
(Azevedo et al., 2001). E3 ubiquitin ligase confers the reaction specificity. Compared to a 
few E1s and E2s, there are a huge number of E3s, which are specific for different 
substrates (Goldberg, 2003). The human genome contains two E1s, 37 E2s and more than 
600 E3s (Komander, 2009). It is hypothesized that about 5% Arabidopsis genome codes 
for proteins of ubiquitin-proteasome pathway including two E1s, at least 45 E2s and more 
than 1,200 E3s (Mazzucotelli et al., 2006; Yee and Goring, 2009).  
Depending on the structure, single subunit E3s can be classified as HECT 
(Homologous to the E6-AP Carboxy-Terminus) and RING-finger/U-box, which are two 
major classes of E3 proteins. HECT differs from RING-finger/U-box in the formation of 
an E3-ubiquitin thiol-ester intermediate during the transfer of activated ubiquitin from E2 
to the substrate (Hatakeyama and Nakayama, 2003; Smalle and Vierstra, 2004). The 
RING-finger structure is stabilized by a cross-brace arrangement of eight cysteines and 
histidines chelating two zinc ions (Borden, 2000). U-box resembles RING-finger in 
tertiary structure and functions in a similar manner despite the lack of characteristic zinc-
chelating residues, cysteine and histidine (Fang and Weissman, 2004). It is probably 
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stabilized by salt-bridges and hydrogen bonds (Aravind and Koonin, 2000; Azevedo et 
al., 2001). The ~ 70 amino acid U-box domain is essential for the E3 ligase activity and 
mutations in the U-box motif abolish its function. The domain was first characterized in 
yeast UFD2 (Ubiquitin Fusion Degradation 2), an Ub chain assembly factor (E4) that 
mediates poly-Ub chain assembly (Koegl et al., 1999; Rees et al., 2006). Subsequently, 
CHIP (Carboxyl terminus of Hsc70-interacting protein), a human U-box protein, was 
found mediating the degradation of misfolded proteins in association with cytosolic 
chaperones Hsp90 and Hsp70 (Cyr et al., 2002; Jiang et al., 2001; Meacham et al., 2001). 
 
U-box proteins in plant defense pathways 
 
Compared to 2 and 21 U-box genes identified in human and yeast genomes, there 
is a number of U-box genes predicted in plant genomes (Yee and Goring, 2009; Zeng et 
al., 2008a). There are 61 and 77 putative U-box genes in Arabidopsis and rice genome, 
respectively, which suggests the unique importance of U-box proteins in plant life cycle 
(Yee and Goring, 2009; Zeng et al., 2008a). A large collection of U-box proteins, many 
of which are involved in self-incompatibility, hormone responses, biotic and abiotic 
stress responses, are identified (Cho et al., 2008; Cho et al., 2006; Liu et al., 2007; Monte 
et al., 2003; Samuel et al., 2008; Stone et al., 2003; Yan et al., 2003). In recent years, 
there has been an explosion of U-box reports in the plant defense against pathogen attack. 
ACRE276 was found rapidly induced by Avr9 peptide in Cf-9 transgenic tobacco plants. 
Gene silencing of its homolog in tomato compromises Cf-9-mediated disease resistance. 
ACRE276 displays E3 ligase activity in vitro with intact U-box motif. Subsequently its 
Arabidopsis homolog PUB17 was confirmed to carry E3 ligase activity and complement 
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ACRE276-silenced tobacco plants (Yang et al., 2006). Two Arabidopsis U-box proteins 
MAC3A and MAC3B share high homology with yeast and  human E3 ligase Prp19 and 
function redundantly in basal and R gene-mediated resistance (Monaghan et al., 2009). 
Tobacco U-box protein Nt CMPG1 and its tomato homolog Sl CMPG1 are required for 
immunity responses triggered by various elicitors (Gonzalez-Lamothe et al., 2006). 
Despite the above positive regulators, some U-box proteins have been found negatively 
regulate plant defense signaling. Arabidopsis U-box triplet PUB22, PUB23, PUB24 
possess E3 ligase activity and negatively regulate PTI (PAMP-triggered immunity) 
induced by bacteria and oomycetes. Enhanced PTI responses including oxidative burst 
and marker genes activation were observed in the triple mutant (Trujillo et al., 2008). 
Rice SPL11 was identified as a negative regulator of defense signaling pathway. The 
spl11 mutation was first uncovered from a rice lesion mimic mutant displaying 
spontaneous cell death phenotype and enhanced resistance to rice fungal and bacterial 
pathogens. Later on it was found as a functional E3 ligase dependent on the U-box 
domain (Zeng et al., 2004). Down regulation of rice U-box gene OsPUB51 causes cell 
death in rice protoplast which suggests its negative role in cell death signaling (Zeng et 
al., 2008a). Despite the direct participation in plant defense machinery, several E3 ligases 
manipulate hormone regulated transcription factors to direct defense-related genes 
activation (Craig et al., 2009; Delauré et al., 2008; Turner et al., 2002). 
In order to propagate, pathogens employ a variety of strategies to interfere host 
immune system and disrupt defense signaling. One way is to mimic or modulate 
ubiquitination-related components involved in the host defense pathways (Angot et al., 
2007). The tomato pathogen Pseudomonas syringae effector AvrPtoB shares homology 
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with U-box and RING-finger proteins. It is a functional E3 ligase and the C-terminus is 
sufficient for both E3 ligase activity and anti-program cell death (PCD) virulence. 
Several plant kinases, FLS2, CERK1, Fen, are ubiquitinated by AvrPtoB and degradated 
via proteasome or vacuoles, leading to susceptibility (Abramovitch et al., 2006; Gimenez-
Ibanez et al., 2009; Göhre et al., 2008; Janjusevic et al., 2006; Rosebrock et al., 2007). 
Legionella pneumophila effector LubX has two U-box domains and mediates 
polyubiquitination of human kinase Clk1. U-box 1 motif mediates ubiquitin ligation, 
while U-box 2 motif binds to the substrate Clk1 (Kubori et al., 2008). The P. syringae 
virulence protein HopM1 targets AtMIN7, a cell wall-associated defense protein, for 
degradation by proteasome. Since HopM1 doesn‟t have E3 Ub ligase activity, it is 
hypothesized that it acts as an adaptor protein directing the recognition of AtMIN7 by the 
ubiquitin-proteasome system (UPS) (Angot et al., 2007; Nomura et al., 2006). R. 
solanacearum GALA effectors employ an F-box motif to form an active SCF-type E3 
ubiquitin ligase with host Skp1 and Cullin1 subunits to mediate protein ubiquitination 
and facilitate infection (Angot et al., 2006).  
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Objective 
 
Phytophthora sojae is an oomycete which causes stem and root rot disease in 
soybean. It ranked second among the most destructive soybean diseases, and causes 
annual yield losses valued up to 300 million dollars in North America and more than one 
billion dollars worldwide (Dou et al., 2010). In order to combat the disease, pathogenesis 
mechanism has been studied at the molecular level. Upon infection, P. sojae could 
deliver a series of virulent proteins into host cells and promote disease on susceptible 
plants which lack corresponding R proteins (Tyler et al. 2008, Göhre and Robatzek 
2008). Avr1b is one such protein which confers enhanced virulence when overexpressed 
in a P. sojae strain (Tyler et al. 2008). Avr1b has been used previously as bait to screen a 
yeast two-hybrid library prepared from P. sojae infected soybean hypocotyls and eight 
candidate clones were identified (H. Brar and M. K. Bhattacharyya, unpublished; Table 
1).  Among them, three clones encode a protein containing a U-box domain. There is 
evidence of U-box proteins‟ involvement in plant defense against pathogens in rice, 
tobacco and Arabidopsis (Yang  et al. 2006, Monaghan et al. 2009, Zeng et al. 2004). 
However, very little is known about soybean U-box proteins, except for a recently 
identified Ring-finger (resemble U-box) protein with polyubiquitination activity (Du et 
al., 2010). The objective of this study is to 1)  indentify soybean full-length U-box gene; 
2) characterize its interaction with Avr1b, cellular localization, ubiquitination activity and 
expression profile; 3) isolate U-box interacting proteins which may involved in pathogen 
recognition and defense pathways.  This study would provide us not only valuable 
information about P. sojae infection-induced signal transduction pathway, but also some 
insights into disease resistance strategies in the legume species.  
 13 
 
Thesis organization 
 
The thesis is composed of three chapters. Chapter 1 is a general introduction 
about topics involved in this study. Chapter 2 describes the work on characterization and 
functional studies of U-box proteins in mediating P. sojae resistance. Chapter 3 briefly 
summarizes all the results and presents supplemental data on characterization of a U-box-
interacting protein. 
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CHAPTER 2 INDENTIFICATION OF GmPUB1 INVOLVED IN 
 
PHYTOPHTHORA RESISTANCE 
 
Abstract 
 
Phytophthora sojae is an oomycete which causes stem and root rot disease in soybean. 
Upon infection, P. sojae could deliver a series of virulent effector proteins into host cell 
to promote disease on susceptible plants (Tyler et al. 2008, Göhre and Robatzek 2008). 
Avr1b is one such protein (Tyler et al. 2008). In this report, a soybean U-box protein, 
GmPUB1-1, was isolated by interaction with P. sojae effector Avr1b in yeast. It has a 
homologous copy which was named GmPUB1-2. These two GmPUB1 proteins share 
94% identities. Pull-down assay confirmed the interaction between GmPUB1s and Avr1b 
in vitro. Mutations in Avr1b C-terminal conserved residuals abolished the interaction 
between Avr1b and GmPUB1 proteins. These residuals are also known involved in 
Avr1b virulence activity. By linking GmPUB1 genes with the GFP tag, GmPUB1-GFP 
fusion proteins was localized throughout soybean hypocotyl and onion epidermal cells. 
Bimolecular fluorescence complementation (BIFC) experiment suggests the interaction 
of GmPUB1 and Avr1b, most likely predominantly occurs in nuclei.  In vitro 
ubiquitination assay demonstrated that GmPUB1-1 and GmPUB1-2 possess E3 ligase 
activities and mediated self-monoubiquitination. Gene silencing of the GmPUB1 genes in 
cotyledons of the soybean cultivar Williams 82 showed loss of race-specific 
Phytophthora resistance encoded by Rps1-k. GmPUB1-1 mRNA level was up-regulated 
following P. sojae infection. Eight candidate interactors of GmPUB1-2 are identified 
from a yeast two-hybrid library screening. Overall, this study implicates that finctional 
E3 ligase activities of GmPUB1 proteins may be involved in Rps1-k mediated 
Phytophthora resistance in soybean. 
 
Introduction 
 
Soybean root and stem rot disease caused by Phytophthora sojae is ranked second 
among the most destructive soybean diseases in USA. It results in annual yield losses 
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valued up to 300 million dollars (Tyler et al., 2008). To fight against the disease, 
soybean-P. sojae interaction has been extensively studied for understanding the 
pathogenesis signaling pathways (Dou et al., 2010). 
Plants have evolved a number of strategies to combat diseases-causing 
microorganisms. One promising active inducible strategy is dependent on plant resistant 
(R) gene. R gene product recognizes specific pathogen-derived avirulence (Avr) protein 
and activates effector triggered immunity (ETI) (Göhre and Robatzek, 2008). Commonly 
accompanied with ETI is the hypersensitive response (HR) which displays rapid and 
localized cell death to limit pathogen growth (McDowell and Woffenden, 2003; Qutob et 
al., 2002). Soybean R genes which products recognize P. sojae Avr proteins and trigger 
ETI are called Rps (Resistance to P. sojae) genes (Dong et al., 2009). Development of 
soybean cultivar with Rps genes has been the traditional and most effective way to 
combat Phytophthora rot disease in soybean. 
Earlier it was hypothesized that resistant proteins directly interact with effecter 
proteins. However, only a few examples have been reported (Jia et al., 2000; Leister and 
Katagiri, 2000; Tang et al., 1996). Alternatively, Van der Biezen and Jones proposed the 
guard hypothesis to explain the undetectable interactions between R proteins and Avr 
proteins (Van der Biezen and Jones, 1998). This model suggests that R protein is a guard 
that senses pathogen-modified host proteins (guardees) and activate defense responses. 
Several guardees required for Avr-R signaling have been found; in Arabidopsis, the R 
protein RPM1 guards an RPM1-interacting protein (RIN4) from phosphorylation by 
effectors AvrB and AvrRpm1. Reduced RIN4 expression results in loss of RPM1 
 26 
 
mediated hypersensitive response (Mackey et al., 2002; Schneider, 2002; Van der Hoorn 
et al., 2002). 
Besides characterization of the guardees, extensive studies are focused on 
searching for the downstream signaling components of R genes-mediated resistance 
(Martin et al., 2003). Yeast two-hybrid screening is commonly utilized in isolating the 
signaling components. It would be of great benefits to find guardee proteins or signaling 
components which may work as convergent target for plant defense pathways (McDowell 
and Woffenden, 2003).  
An important theme in organism metabolism regulation is the recognition and 
selective degradation of misfolded or short-lived cellular proteins (Goldberg, 2003; 
Smalle and Vierstra, 2004). An effective proteins degradation machinery is the ubiquitin-
proteasome system (UPS) (Göhre and Robatzek, 2008). Ubiquitin (Ub) is a small highly 
conserved 76-amino acid existing in all eukaryotes (Laney and Hochstrasser, 1999). It 
binds to unwanted proteins and labels them for degradation by the 26S proteasome (Fang 
and Weissman, 2004). The formation of isopeptide linkage between ubiquitin C-terminal 
glycine residue and substrate lysine residue is called ubiquitination, which is mediated by 
a multi-enzyme cascade involving three key enzymes: E1 (ubiquitin-activating enzyme), 
E2 (ubiquitin-conjugating enzyme), E3 (ubiquitin-protein ligase) (Aravind and Koonin, 
2000; Fang and Weissman, 2004). First ubiquitin is activated by E1 in an ATP-dependent 
manner and transferred to E2. E3 binds the E2-ubiquitin complex and substrate protein 
and transfers the ubiquitin from E2 to a lysine residue in the substrate (Aravind and 
Koonin, 2000). E3 ubiquitin ligase confers the reaction specificity. Compared to a few 
E1s and E2s, there are a huge number of E3s which are specific for different substrates 
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(Goldberg, 2003). The human genome contains two E1s, 37 E2s and more than 600 E3s 
(Komander, 2009). It is hypothesized that about 5% Arabidopsis genome codes for 
proteins of ubiquitin-proteasome pathway including two E1s, at least 45 E2s and more 
than 1,200 E3s (Mazzucotelli et al., 2006; Yee and Goring, 2009).  
Depending on the structure, single subunit E3s can be classified as HECT 
(Homologous to the E6-AP Carboxy-Terminus) and RING-finger/U-box proteins. For U-
box type E3s, the ~ 70 amino acid U-box domain is essential for the E3 ligase activity. 
Compared to 2 and 21 U-box genes found in human and yeast genomes, there is a huge 
number of U-box genes predicted in plant genomes, suggesting the unique importance of 
U-box proteins in plant life cycle (Yee and Goring, 2009; Zeng et al., 2008a). A large 
collection of U-box proteins, many of which are involved in self-incompatibility, 
hormone responses, biotic and abiotic stress responses, are identified (Cho et al., 2008; 
Cho et al., 2006; Liu et al., 2007; Monte et al., 2003; Samuel et al., 2008; Stone et al., 
2003; Yan et al., 2003). In recent years, there has been an explosion of U-box reports in 
the plant defense against pathogen attack. ACRE276 was found rapidly induced by Avr9 
peptide in Cf-9 transgenic tobacco plants. Gene silencing of its homolog in tomato 
compromises Cf-9-mediated disease resistance. ACRE276 displays E3 ligase activity in 
vitro with intact U-box motif. Subsequently its Arabidopsis homolog PUB17 was 
confirmed to carry E3 ligase activity and complement ACRE276-silenced tobacco plants 
(Yang et al., 2006). Two Arabidopsis U-box proteins MAC3A and MAC3B share high 
homology with yeast and  human E3 ligase Prp19 and function redundantly in basal and 
R gene-mediated resistance (Monaghan et al., 2009). Tobacco U-box protein Nt CMPG1 
and its tomato homolog Sl CMPG1 are required for immunity responses triggered by 
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various elicitors (Gonzalez-Lamothe et al., 2006). Despite the above positive regulators, 
some U-box proteins have been found negatively regulate plant defense signaling. 
Arabidopsis U-box triplet PUB22, PUB23, PUB24 possess E3 ligase activity and 
negatively regulate PTI (PAMP-triggered immunity) induced by bacteria and oomycetes. 
Enhanced PTI responses including oxidative burst and marker genes activation were 
observed in the triple mutant (Trujillo et al., 2008). Rice SPL11 was identified as a 
negative regulator of defense signaling pathway. The spl11 mutation was first uncovered 
from a rice lesion mimic mutant displaying spontaneous cell death phenotype and 
enhanced resistance to rice fungal and bacterial pathogens. Later on it was found as a 
functional E3 ligase dependent on the U-box domain (Zeng et al., 2004). In this study, we 
identified a soybean U-box protein in a yeast two-hybrid system which showed in vivo 
interaction with P. sojae effector Avr1b. I proceeded to the characterization and functional 
analyses of this U-box protein and its homolog that most likely mediate Phytophthora 
resistance in soybean.  
 
Results 
 
Identification of two homologous U-box genes in soybean 
 
Previous work showed that three of the Avr1b-interactors encoded the same U-
box protein, GmPUB1 (Table 1). Glycine max genome contains two highly similar 
GmPUB1 genes. They are named GmPUB1-1 and GmPUB1-2. GmPUB1-1, the Avr1b 
interactor, shares 94% amino acid identities with GmPUB1-2. GmPUB1 genes encode a 
protein containing 403 amino acids. Phylogenic analysis demonstrated that GmPUB1-1 
and GmPUB1-2 were close to three Arabidopsis, PUB22, PUB23, PUB24, and one rice 
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U-box protein that negatively regulate cell death and plants immunity   (Trujillo et al., 
2008; Zeng et al., 2004) (Figure 1A). As is the case for other U-box proteins, GmPUB1-1 
and GmPUB1-2 both have a single U-box domain at their N-terminal region (Figure 1B). 
The U-box domains of GmPUB1s are 55 to 76% identical to Arabidopsis and rice U-box 
proteins, respectively, mentioned above. 
 
Conserved Residues in the W and Y motifs of Avr1b are required for interaction of  
Avr1b with GmPUB1s 
 
More than half of the Phytophothora effectors proteins share conserved W and Y 
motifs at their C-terminals. The C-terminal W and Y motifs of Avr1b are critical for 
recognition by Rps1-b and its virulence activity in soybean lines lacking Rps1-b (Dou et 
al., 2008b). We hypothesize that these two domains are also involved in interaction with 
GmPUB1s. A LexA-based yeast two-hybrid system (Clontech Laboratories, Inc., 
Mountain View, CA) was used to identify the conserved residues responsible for the 
interaction. Various Avr1b forms with multiple point mutations in the W and Y (Figure 
2A) motifs were cloned into both the “prey” vector pB42AD and the “bait” vector 
pLexA. GmPUB1-1
∆71-397
, identified from the original yeast two-hybrid screening, has 
protein sequence 71 to 397 and lacks the U-box domain. It was cloned in the “prey” 
vector pB42AD. The “bait” vector pLexA carrying either Avr1b or any of the Avr1b 
mutants was transformed into the yeast strain EGY48/pSH18-34 harboring pB42AD_ 
GmPUB1-1
∆71-397
. This yeast strain has two reporter genes, LEU2 and LacZ. Protein 
interaction results in β–galactosidase (LacZ) activity and growth in induction medium 
lacking leucine (Leu2). Avr1b mutants W3, W4, and Y1 did not interact with GmPUB1-
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1
∆71-397
 (Figure 2B). In order to examine interaction between complete GmPUB1s and 
Avr1b, we fused the full-length sequence of GmPUB1-1 in the bait vector pLexA. 
However, GmPUB1-1 displayed the self-activation activity. Considering high identity 
(94%) between GmPUB1-1 and GmPUB1-2, we substituted GmPUB1-1 with GmPUB1-
2 and expected to see the same interaction patterns as observed between GmPUB1-1
∆71-
397 
and Avr1b. Avr1b wildtype and mutants W2, W6 preserved some ability to interact 
with GmPUB1-2. Mutations in W1, W3, W4, W5 and Y1 motifs abolished the interaction 
with GmPUB1-2 (Figure 2B). Interestingly, the interaction of wildtype Avr1b, W2 and 
W6 mutants with GmPUB1-2 was much weaker than that with the truncated GmPUB1-
1
∆71-397
. In conclusion, conserved residues in the W and Y motifs, especially W1, W3, 
W4, W5 and Y1 motifs are required for Avr1b interaction with GmPUB1s. It is unknown 
if GmPUB1-1 would react the same way as GmPUB1-2 or GmPUB1-1
∆71-397
. This 
mutation study however established that the interaction between Avr1b and GmPUB1 
requires motifs in the Avr1b protein involved in recognition of Rps1-b and PCD initiation 
(Dou et al., 2008). 
 
Pull down assay confirms the in vitro interaction between Avr1b and GmPUB1s 
 
To verify the protein interactions observed in the yeast two-hybrid experiments, 
we assayed the interaction between Avr1b and GmPUB1 in vitro by conducting a pull-
down assay. His-tagged GmPUB1 proteins were incubated with HA-tagged Avr1b 
protein immobilized on HA beads overnight at 4°C with end-over-end rotation. 
Unbounded proteins were washed away with 500 μl TBS-T buffer by four times. 
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Associated proteins were then eluted with 25 μl non-reducing sample buffer (Pierce 
Technology Corporation, Holmdel, NJ). Eluted fractions were separated by SDS-PAGE 
and immunoblotted with anti-His and anti-HA antibody respectively. Figure 3 shows that 
His-GmPUB1-1 and His-GmPUB1-2 were pulled down by HA-Avr1b; while HA resin 
alone did not pull down GmPUB1s proteins, indicating the specificity of the assays. This 
result therefore confirms the interaction between GmPUB1 and Avr1b. 
 
GmPUB1s were localized throughout the plant cell 
 
To examine the sub-cellular location of GmPUB1s, we conducted an in vivo 
transient expression study using the enhanced green fluorescent protein (EGFP) (Tsien 
1998). The EGFP gene was tagged to either N- or C-terminus of the GmPUB1 genes. The 
clones were constructed in-frame under the control of the double 35S promoter (Figure 
4A). The expression plasmids were bombarded into the onion epidermal cell layer and 
hypocotyls of 7-day old etiolated soybean seedlings. Localization of the fusion proteins 
was monitored by visualizing fluorescence of the EGFP protein under a confocal 
microscope 24 hours following shooting the plasmids with a helium gun. As shown in 
Figure 4B, EGFP fluorescence could be detected in the nucleus, cytoplasm and plasma 
membrane. Similar results were observed for both N- and C terminal fusion proteins. 
This result demonstrated that GmPUB1 is localized to both nucleus and cytosol. 
 
Interaction of Avr1b and GmPUB1-1 was predominantly localized to the nuclei 
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I conducted bimolecular fluorescence complementation (BiFC) assays to 
determine the interaction of Avr1b and GmPUB1 in planta. Onion cells were bombarded 
with two plasmids carrying either Avr1b or GmPUB1-1 fused to split yellow 
fluorescence protein; e.g., (i) Avr1b was fused to the C-terminal half of YFP and (ii) 
GmPUB1-1
∆71-397 
was fused to the N-terminal half of YFP. The interaction between 
Avr1b and GmPUB1-1
∆71-397 
would bring two halves of YFP into close proximity to form 
a functional fluorophor. Empty vector combinations were used as the negative control. As 
shown in Figure 5, bright fluorescence was detected in nuclei, suggesting that Avr1b 
interacts with GmPUB1 in plant cells, most likely in nuclei. 
 
GmPUB1-1 and GmPUB1-2 encode U-box E3 ligases 
 
Ubiquitin (Ub) is a highly conserved molecule present in nearly all eukaryotes. 
The conjugation of Ub to substrate proteins is called ubiquitination, which regulates 
various cellular activities. Ubiquitination involves three core enzymes, Ub activating 
enzyme (E1), Ub conjugating enzyme (E2), and Ub ligase (E3). E3 ligates ubiquitin from 
ubiquitin conjugated E2 to substrates via an ATP-dependent manner. E3 is encoded by 
members of a large gene family and E3 confers substrate specificity.  U-box domain is 
found in many functional E3 ligases (Zeng et al., 2008b). 
To determine whether GmPUB1s proteins are functional E3 ligases, full-length 
GmPUB1-1 and GmPUB1-2 were expressed in E. coli as fusion proteins with a His tag. 
The purified proteins were used for in vitro ubiquitination analysis. We incubated His-
tagged GmPUB1-1 and GmPUB1-2 with or without HA-Ub (Boston Biochem, 
Cambridge, MA), ATP, E1 (Boston Biochem, Cambridge, MA) and E2 (EMD Chemicals 
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Inc., Darmstadt, Germany) for 3 hours and performed gel blot with anti-HA antibody. In 
the presence of E1, E2, Ub and ATP, GmPUB1-1 and GmPUB1-2 were detected with a 
monoclonal anti-HA antibody as ubiquitinated priteins that were 10 kDa higher than their 
native molecular weight indicating attachment of a single Ub molecule. The lack of any 
of E1, E2, ubiquitin, and ATP caused loss of self monoubiquitination of GmPUB1 
proteins (Figure 6). These results suggest that GmPUB1 proteins act as E3 ligases and 
have self-monoubiquitination activity.  
 
GmPUB1 silencing compromised Rps1k-mediated Phytophthora resistance 
 
To investigate if GmPUB1 is required for  Phytophthora resistance in soybean I 
conducted RNA interference (RNAi) experiment according to Subramanian et al. (2005). 
They reported that silencing of isoflavone synthase (IFS) gene occurred systemically in 
soybean cotyledon distal to the A. rhizogenes-transformation sites. The most effective 
silencing period was between 5 to 7 days following transformation (Subramanian et al., 
2005). We produced the GmPUB1 RNAi construct by cloning a 438 bp DNA fragment of 
the GmPUB1 gene as inverted repeats separated by a PDK intron in the pART27 vector 
(Wesley et al., 2001). This GmPUB1 438 bp fragment was highly similar in both 
GmPUB1-1 and GmPUB1-2 and was expected to silence both genes resulting in the 
knockout phenotype. Williams and Williams 82 cotyledons were transformed with A. 
rhizogenes strain K599 carrying the empty vector pART27 GFP or GmPUB1 RNAi 
construct. Cylindrical cotyledonary tissues from distal end of the A. rhizogenes-infection 
sites were collected on day 3, 6, 9, 12 post-transformation. RT-PCR was performed to 
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evaluate the steady state GmPUB1 transcript levels. As shown in Figure 7A, the 
GmPUB1 transcript accumulation was hardly detected on day 6, confirming the down 
regulation of GmPUB1 mRNA from A. rhizogenes-mediated gene silencing. On day 6, an 
agar pulp containing mycelia of the P. sojae strain CC5C was placed on the wounded 
sites, distal to the A. rhizogenes-infection sites and symptoms were recorded every 24 h 
period following infection. Soybean cultivar Williams 82 contains the Rps1-k gene and it 
confers resistance to P. sojae CC5C. The cotyledons of Williams 82 transformed with the 
empty vector were resistant as expected. However, the GmPUB1-silenced Williams 82 
cotyledons displayed a susceptible phenotype. Brown, water-soaked lesion was spreading 
to the entire cotyledon. The difference was not apparent between GmPUB1 RNAi 
cotyledons and empty vector control in Williams that lacks any known Rps genes and 
susceptible to CC5C. Thus, Phytophthora resistance in Williams 82 was compromised 
from silencing of GmPUB1. GmPUB1 most likely acts as a positive regulator of Rps1-k-
mediated Phytophthora resistance. 
 
GmPUB1-1 is up-regulated by P. sojae infection  
 
To determine if the expression levels of GmPUB1-1 is altered following P. sojae 
inoculation, an RT-PCR approach was applied. Etiolated hypocotyls of dark grown 7-day 
old Williams and Williams 82 seedlings were infected with P. sojae CC5C zoospores and 
infected tissues were collected 0, 2, 6, 12, 24 h post-inoculation. For controls, similar 
numbers of hypocotyls were inoculated with water droplets. The primers used for RT-
PCR analyses were amplifying both GmPUB1-1 and GmPUB1-2. The RT-PCR products 
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were subjected to digestion with TaqI restriction enzyme, which digests GmPUB1-2 into 
three fragments (87, 60 and 27 bp). As shown in Figure 8, in P. sojae-infected samples 
elevated GmPUB1-1 mRNA levels were observed compared to that for GmPUB1-2. In 
the incompatible interaction of P. sojae with Williams 82, GmPUB1-1 transcript levels 
started to increase after 2 h following infection reaching the maximum level at 12 h after 
infection. For the compatible interaction of P. sojae CC5C with Williams, increased 
GmPUB1-1 transcript level was detected at 2 h and then decreased level at 6 h. After 6 h 
of infection, the GmPUB1-1 transcript levels continue to increase reaching the maximum 
level at 24 h post infection. In summary, expression of GmPUB1-1 is up-regulated 
following P. sojae infection as compared to its homoelogue GmPUB1-2. The two TaqI 
GmPUB1-2 fragments (87 and 60 bp) were not consistently accumulating following 
infection suggesting necessity of further investigation to determine if alternate splicing 
occurs for the GmPUB1-2 transcripts (Figure 8). 
 
Identification of GmPUB1-2-interactors by screening a soybean cDNA library 
 
To further characterize GmPUB1s‟ role, we proceeded to look for their 
interactors,which may provide us information about GmPUB1s‟ function. GmPUB1-1 
self activated in yeast two-hybrid system. Therefore, GmPUB1-2 was used as the bait in 
screening a soybean cDNA library (> 1.2 × 10
6
 colony forming units) generated from the 
P. sojae infected hypocotyls (H. Gao and M.K. Bhattacharyya, unpublished). A total of 8 
putative GmPUB1-2-interactors were identified from screening 29 million yeast 
transformants. The colonies were re-streaked on induction plates to eliminate false 
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positives (Figure 9A). Their putative functions were listed in Figure 9B. Among them, 
zinc finger protein and retinoid-inducible serine carboxypeptidase protein are possible 
regulators in pathogen defense responses. Histone H4 might be candidate substrate for 
GmPUB1s function as E3 ligase. It will be feasible to determine if any of the eight 
soybean proteins are substrates for GmPUB1. 
 
Discussion 
 
In this study, three cDNA clones encoding an Avr1b interactor, GmPUB1-1
∆71-397
 
was identified by conducting yeast two-hybrid library screening. BIFC and pull-down 
assays suggested that GmPUB1-1
∆71-397
 is most likely a true interacting partner of the P. 
sojae effector protein, Avr1b.  
Avr1b mutants were tested for the interaction with GmPUB1-2 and truncated 
GmPUB1-1
∆71-397
. GmPUB1-1 self-activated in yeast and was not tested for its 
interaction with Avr1b.  Considering the 94% amino acid sequence identity between 
GmPUB1-1 and GmPUB1-2, we could expect a similar pattern of interaction with Avr1b 
for both genes. For GmPUB1-1
∆71-397 
lacking the entire U-box domain interacted strongly 
to Avr1b as compared to GmPUB1-2. This suggests that the N-terminal U-box region is 
not required for the interaction of GmPUB1-2 with the effector protein. It is possible that 
U-box domain may interfere and weaken the interaction between the two proteins. 
Investigation of the Avr1b mutants (Figure 2A) suggested the same motifs of Avr1b are 
most likely involved in both interaction between the two proteins and for anti-PCD 
activity of Avr1b (Dou et al., 2008b),. 
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GmPUB1-1
∆71-397
-fused GFP protein was localized to both cytoplasm and nuclei 
(Figure 4B). However, the BIFC results suggested that the interaction between Avr1b and 
GmPUB1-1
∆71-397
 most likely predominantly occurs in nuclei (Figure 5). Avr1b-GFP 
fusion has been shown to accumulate in both cytoplasm and nuclei. Nuclear localization 
is required for Avr1b‟s avirulence activity mediated by the cognate Rps1-b resistance 
protein and suppression of effectors-triggered PCD (Tyler, B., unpublished). Given the 
additional evidence of nuclear association important for initiate plant immunity responses 
(Burch-Smith et al., 2007; Shen et al., 2007), our data strongly suggested that interaction 
of GmPUB1-1 and Avr1b most likely takes place  in the nuclei. It is unknown whether 
the Avr1b and GmPUB1-1
∆71-397
 form a complex before moving into the nuclei or Avr1b 
moves to nucleus before interacting with GmPUB1-1 located in the nuclei. 
The RNAi experiment demonstrated that GmPUB1s positively regulate R-gene 
mediated immunity (Figure 7). GmPUB1-silenced Williams 82 cotyledons exhibited 
Phytophthora susceptible phenotype.  The phylogenetic tree however placed  GmPUB1s 
close to Arabidopsis U-box type E3 ligases triplet PUB22, PUB23, PUB24, which are 
negative regulators of PAMPs triggered immunity (Trujillo et al., 2008). It is not 
surprising to see the same genes playing dual roles in pathogen defense pathways. In 
Arabidopsis, RIN4 was found to positively regulate RPM1-dependent resistance while 
negatively regulating the basal defenses. It is hypothesized that phosphorylated RIN4, 
mediated by AvrRpm1 and AvrB, is perceived by RPM1 to induce hypersensitive 
responses (HR) (Mackey et al., 2002). It is possible that GmPUB1s negatively regulate 
basal defense which includes PAMP-triggered immunity, but positively regulate the 
Avr1b triggered immunity. Most likely the interaction between Avr1b and GmPUB1s is 
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required for the detection by the “guard” Rps1-k for immunity induction. In addition to 
RIN4 and GmPUB1 stories, opposite roles for the same gene or allelic gene pairs in 
defense responses to different pathogens suggest the complexity of plant immune system 
(Chen et al., 2009; Lai et al., 2008; Tao et al., 2009). 
We previously speculated that GmPUB1s might possess polyubiquitination 
activity and involved in the 26S proteasome degradation pathway. It might function in 
defense responses by selectively removing defense regulators. In our assay, it displayed 
monoubiquitination property. Monoubiquitination regulates cellular activities range from 
membrane transport to transcriptional regulation (Hicke, 2001). One typical example is 
histone monoubiquitination which is essential for regulating various processes within the 
nucleus, including transcription initiation, elongation and DNA repair (Wang et al., 
2006a; Weake and Workman, 2008; Zhang, 2003). The identification of GmPUB1 
interactors, Histone H4 and zinc finger protein (possible transcription factor), together 
with the nuclear localization of the GmPUB1-Avr1b interaction (Figure 5) suggest 
GmPUB1s function in the nuclei for regulation of defense genes. Further study will be 
required to determine if any of the GmPUB1-2 interactors are ubiquitinated in vitro by 
GmPUB1 proteins. 
 
Material and Methods 
 
Yeast two-hybrid interaction assay 
Yeast two-hybrid interaction assay was carried out as the manufacturer‟s protocol 
(Clontech Laboratories, Inc., Mountain View, CA). GmPUB1-1
∆71-397 
was identified from 
a soybean cDNA library developed from P. sojae-infected etiolated hypocotyls tissues 
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(Gao, 2006) by screening the library with Avr1b as bait (H. Brar and M.K. 
Bhattacharyya, unpublished). Truncated version of GmPUB1-1 with protein sequence 
from 71 to 397 was recovered in the prey vector pB42AD. This interaction was 
reconfirmed by transforming Avr1b and mutant Avr1b forms in pLexA vector into the 
GmPUB1-1
∆71-397
 containing strain. Transformants were selected on SD/Gal/Raf/X-
gal/BU/-His/-Trp/-Ura for screening β–galactosidase (LacZ) expression and SD/Gal/Raf/-
His/-Trp/-Ura/-Leu plates for leucine expression.  
Search for GmPUB1-1-like sequences (http://www.phytozome.net) resulted in the 
identification of a highly homologous (94 % identity) gene GmPUB1-2. Full-length 
GmPUB1-1 and GmPUB1-2 genes were PCR amplified (Forward primer: 5‟- 
ATATGGATCCGTATGGACGAAATTGAAATCCCTG-3‟; reverse primer: 5‟-
TATCCTCGAGTCATGGATAGGAAGATAACAAAGGTAC-3‟) from genomic DNA 
of the soybean cultivar Williams 82 and cloned into the BamHI-XhoI sites of the bait 
vector pLexA. pLexA_GmPUB1-1 and pLexA_GmPUB1-2 constructs were transformed 
into the yeast strain EGY48/pSH18-34  and selected on SD/-His/-Ura plates. Auto-
activation assay was performed to test the bait suitability. Because of the autonomous 
activation of GmPUB1-1, we could only use GmPUB1-2 as the bait for testing interaction 
with Avr1b. Avr1b gene carrying mutations in the W and Y motifs (Dou et al., 2008) and 
wild-type Avr1b were cloned in pB42AD vector and introduced into yeast strain 
harboring the bait pLexA_GmPUB1-2. Double transformants were selected and screened 
for expression of LEU2 and LacZ reporter genes. Positive interactions were visualized as 
blue color on SD/Gal/Raf/X-gal/BU/-His/-Trp/-Ura plate from activation of LacZ gene 
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and also from yeast growth on minimal medium lacking leucine due to complementation 
for the LEU2 gene. 
For the yeast two hybrid screening, pLexA_GmPUB1-2 was used as the bait to 
screen the same soybean cDNA library. After segregation, positive clones were re-
streaked on induction media SD/Gal/Raf/X-gal/BU/-His/-Trp/-Ura to eliminate false 
positive. Candidate clones were sequenced with pB42AD specific primer (5‟- 
CCAGCCTCTTGCTGAGTGGAGATG-3‟). Each sequence was manually annotated by 
blasting the GenBank/EMBL/DDBJ databases using the BLASTX algorithm 
(http://www.ncbi.nlm.nih.gov/BLAST/). 
 
In vitro pull down assay 
The full-length Avr1b in pB42AD and GmPUB1s in pRSETA vector were used 
as the template for PCR amplification. Primers are presented in Table 2. Forward primer 
with a Kozak consensus sequence and gene specific reverse primer were used in the first 
round of PCR. The resulting products were re-amplified with T7 promoter sequence 
containing forward primer and the same reverse primer. PCR products were translated 
using the TNT® T7 quick for PCR system (Promega, Madison, WI) as recommended by 
the manufacturer‟s protocol (Promega, Madison, WI). Expressed proteins were separated 
by SDS-PAGE and gel blotted for western analysis to assess the size and translational 
efficiency of individual proteins. 
20 μl TNT® reaction containing HA-Avr1b was diluted with 180 μl TBS (0.15 M 
NaCl, 25 mM Tris-HCl, pH 7.2). The total volume was incubated with 6 μl anti-HA 
agrose slurry (Pierce Technology Corporation, Holmdel, NJ) in a Handee
TM
 Mini-Spin 
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Column (Pierce Technology Corporation, Holmdel, NJ) for 2 h at 4°C with gentle end-
over-end rotation. The column was washed three times with TBS-T (0.15 M NaCl, 25 
mM Tris-HCl, pH 7.2, 0.05% Tween-20) and the agarose was resuspended in 185 μl 
TBS. 15 μl His-GmPUB1 TNT® reaction was added to the prepared column and 
incubated overnight at 4°C with end-over-end rotation. The columns were washed four 
times with 500 μl TBS-T buffer to remove any unbound proteins. Interacted GmPUB1 
proteins were eluted with 25 μl non-reducing sample buffer (Pierce Technology 
Corporation, Holmdel, NJ). Eluted fractions were resolved on two 10% SDS-PAGE gels 
and detected with anti-His (Amersham Bioscience) and anti-HA (Invitrogen, Carlsbad, 
CA) antibodies, respectively.  
 
Western Blotting 
Proteins were resolved in a 7 % or 10% polyacrylamide gel and then transferred 
to a nitrocellulose membrane by Western blotting (Whatman Inc. Florham Park, NJ). The 
membrane was blocked in PBS containing 0.1% Tween 20 and 5% fat-free dry milk for 
one hour at room temperature followed by three washing with PBS/0.1% Tween-20. The 
membrane was incubated with primary antibodies (1:1500) and then with alkaline 
phosphatase conjugated secondary antibodies (1:1500). Specific proteins were visualized 
with AP conjugate substrate kit according to the manufacturer‟s instructions (Bio-rad, 
Hercules, CA). 
 
Transient expression in planta  
 42 
 
Full length EGFP (Tsien 1998) was PCR amplified with primers flanked by 5‟-
end BglII and a 3‟-end BamHI site or vice versa (Figure 4A). The pISUAgron5_N-GFP 
was created by ligating the BglII–BamHI EGFP into the BamHI site of the vector 
pISUAgron5 (N.N. Narayananan and M.K. Bhattacharyya, unpublished) and 
pISUAgron5_C-GFP was created by ligating the BamHI-BglII EGFP into the BamHI site 
of pISUAgron5. The ORF of GmPUB1-1 and GmPUB1-2 were PCR amplified with both 
forward and reverse primers tailored by a BamHI site and subcloned into the BamHI site 
of pISUAgron5_N-GFP and pISUAgron5_C-GFP vectors to obtain the N-GFP-GmPUB1 
and C-GFP-GmPUB1 (Figure 4A) constructs respectively. The integrity of each construct 
was verified by sequencing. 
Soybean Williams 82 seedlings were grown under dark conditions (22°C) for 7 
days. On day 7, etiolated hypocotyls were cut to 8 cm length and placed in Petri dishes (5 
hypocotyls in each plate) with moist filter paper.  The bottom parts of the hypocotyls 
were covered with wet Kimwipes. Onion segments were cut to 3 cm x 3 cm pieces and 
kept in moist Petri dishes. Appropriate plasmid DNA was introduced into plant cells by a 
PDS-1000/He Biolistic Particle Delivery System (BioRad, Hercules, CA). Both soybean 
seedlings and onion inner layer were bombarded at 1350 PSI Helium pressure and kept in 
dark at 22°C post-bombardment. The EGFP signal was detected 24 h after the 
bombardment with a fluorescence microscope (Carl Zeiss Axiostar Plus). The 
microscopic field was viewed under green isothiocyanate filters.  
For BiFC, the Avr1b ORF sequence was cloned into pSAT1-cEYFP-C1-B to 
generate the C-terminal in frame fusion with cEYFP (Forward primer: 5‟-
GACTAAGCTTCGATGCGTCTATCTTTTGTGC-3‟; reverse primer: 5‟-
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AGTCGGATCCTCACTGGTGGTGCTGGTGGTG-3‟), whereas GmPUB1-1∆71-397 was 
introduced into pSAT1-nEYFP-N1 to form the N-terminal in frame fusion with nEYFP 
(Forward primer: 5‟-GACTAGATCTCGATGCAATCTTGGTGCACCCTC-3‟; reverse 
primer: 5‟-CAGGATCCCGGGTTCCTTTGCCCTCTCCTTAG-3‟). Onion lamellas were 
placed inside Petri dishes containing moist filter papers and then bombarded with gold 
particles coated with each combination of plasmids: GmPUB1-1
∆71-397
-YFP
N
/YFP
C
-
Avr1b fusion plasmids or YFP
N
/YFP
C
 as the negative control. Fluorescence was detected 
after 24 hours with a fluorescence microscope (Carl Zeiss Axiostar Plus). 
 
Expression and purification of recombinant proteins 
The full-length GmPUB1-1 and GmPUB1-2 were cloned in the pRSET A 
(Invitrogen, Carlsbad, California) vector and used to produce 6XHis tagged fusion 
proteins. Plasmids were transformed into BL21 (DE3) strain and induced with 1 mM 
isopropyl-β-D-thio-galactoside (IPTG) at OD 0.6. 8 h following induction Cells were 
spun down and the pellet was resuspended in lysis buffer (100 mM NaH2PO4, 10 mM 
Tris-HCl, 8 M urea, pH 8.0) and sonicated on ice. For purification, 1 ml Ni-NTA resin 
(QIAGEN, Valencia, CA) was added to lysate suspension and incubated for 2 h to 
facilitate binding. Resins were washed four times with buffer B (100 mM NaH2PO4, 10 
mM Tris-HCl, 8 M urea, pH 6.3) and eluted with buffer C (100 mM NaH2PO4, 10 mM 
Tris-HCl, 8 M urea, pH 5.9). The eluted proteins were then refolded by dialysis in 10 mM 
Tris-HCl pH 8.0.  
 
In vitro ubiquitination assay 
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In vitro ubiquitination assays were conducted as described previously (Yang et 
al., 2006) with slight modifications. 500 ng purified His-GmPUB1 proteins, 50 ng of 
human recombinant E1 enzyme (Boston Biochem, Cambridge, MA), 150 ng of human 
recombinant E2 enzyme (EMD Chemicals Inc., Darmstadt, Germany), 2 µg of HA-Ub 
(Boston Biochem, Cambridge, MA) were incubated in a final volume of 30 μl reaction 
buffer containing 50 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 50 mM KCl, 1 mM DTT, 10% 
glycerol, 2 mM ATP, 10 mM creatine phosphate and 3.5 units of creatine phosphokinase 
(Sigma-Aldrich, St. Louis, MO). Reactions were incubated at 30°C for 3 h and stopped 
by boiling with 4X SDS-PAGE loading buffer for 10 min. 15 μl of each reaction was 
analyzed by electrophoresis on 10% SDS-PAGE and subjected to immunoblot analysis. 
Ubiquitination was detected with anti-HA antibody (Invitrogen, Carlsbad, CA). 
 
RNAi vector construction 
438 bp GmPUB1-1 fragments were PCR amplified with two sets of primers with 
different flanking restriction sites (Set 1: forward primer: 5‟- 
GCATCTCGAGGCCTTTGCTACAATGCTGCT -3‟ and reverse primer: 5‟- 
GCATGGTACCCACTCTAGCATTGGCGGAAT -3‟; Set 2: forward primer: 5‟- 
GCATGGATCCGCCTTTGCTACAATGCTGCT -3‟ and reverse primer: 5‟- 
GCATATCGATCACTCTAGCATTGGCGGAAT -3‟). The PCR products were ligated 
to the XhoI-KpnI and BamHI-ClaI  sites of pHANNIBAL vector (Wesley et al., 2001) as 
an inverted repeat. A PDK (pyruvate orthophosphate dikinase) intron was kept in 
between the two inverted repeats to stabilize the formation of a complementary „hairpin‟ 
structure (Wesley et al., 2001). The inverted repeats containing fragment was sub-cloned 
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as a NotI fragment in the pART27 GFP binary vector. The pART27 GFP vector was 
made by inserting a 35S:GFP from p35s-GFP vector (Clontech, Mountain View, CA) 
into the SacI site of pART27 (Wesley et al., 2001).  
 
Plant materials and growth conditions 
Seeds of soybean cultivars Williams and Williams 82 were sown in course 
vermiculite and soaked with 3 liters of water immediately after sowing. The flats were 
kept in a Conviron Growth Chamber (16 h photoperiod, 200 μEs, 24°C day and 20°C 
night temperatures) for 7 days. On day 7, cotyledons were harvested for Agrobacterium 
rhizogenes-mediated transformation. The ideal cotyledons are medium green and not 
snapping completely in two halves.  
 
A. rhizogene-mediated transformation of soybean cotyledons 
The 7-day old cotyledons were gently twisted off the plants and collected in Petri 
dishes with moist Whatman filter paper (10 cotyledons each plate). The surface of 
individual cotyledons was sterilized with alcohol wipe (North Safety Products, Cranston, 
RI). A shallow circular (4 mm in diameter) wound was made about 3 mm from the 
petiole end of the cotyledon by a razor blade. 20 μl A. rhizogenes in 10 mM MgSO4 was 
added to the wound. Plates were wrapped with Parafilm and stored in Conviron (16 h 
photoperiod, 100 μEs, 24°C day and 20°C night temperatures). 
 
Agrobacterium rhizogenes-mediated transformation 
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A. rhizogenes strain K599 was transformed with pART27 GFP empty vector or 
pART27 GFP carrying GmPUB1 inverted repeat by freeze-thaw method. The 
transformants were selected on kanamycin and spectinomycin plates. Cultures for plant 
inoculation were prepared by inoculating 10 ml liquid Luria-Bertani broth (50 μg/ml 
kanamycin and 100 μg/ml spectinomycin) with a single colony harboring the correct 
construct and growing the culture for two days at 28°C. Before inoculation, cultures were 
spun down and resuspended in 10 mM MgSO4 for a final OD600 of 0.3 for inoculation. 
For GmPUB1 transcripts detection, cotyledons were collected 3, 6, 9, and 12 days 
post-transformation with A. rhizogenes. A column section was harvested by a cork borer 
(5 mm in diameter) at the non-petiole end (the site used for P. sojae inoculation) of the 
cotyledon. Ten columns from the same plate were collected in one tube for RNA 
preparation.  
 
P. sojae infection 
Lima bean agar plates were poured about 2 mm thick. P. sojae race CC5C was 
grown on lima bean plates for one week in the dark at room temperature. Six days after 
transformation, the non-petiole ends of the A. rhizogenes transformed cotyledons were 
wounded lightly with a tip of a 1 ml pipette tip. A small piece (3 mm in diameter) of lima 
bean agar containing P. sojae mycelia was cut with a cork borer and put on cotyledons 
cut surface. Plates were moved back to Conviron and observed every day for recording 
disease development. 
 
Disease rating criterion 
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The disease rating was same as previous published paper (Park et al., 2002). 
Numbers 1-5 indicate different sizes of disease lesions. 0, no observable symptom 
development from the infection point; 1, 1-10%; 2, 10%-25%; 3, 25%-50%; 4, 50%-75%; 
5, 75%-100% of the cotyledon area infected. 
 
First strand cDNA synthesis 
Total RNA was extracted by TRIzol (Invitrogen, Carlsbad, California) following 
the manufacturer‟s instructions. After treatment with RNase-free DNase (Invitrogen, 
Carlsbad, California), 2 μg RNA was incubated with 0.5 μg oliga(dT) in a 1.5 ml RNase-
free tube at 70°C for 5 min and immediately transferred to ice. After denaturation, the 
following reagents were added to each tube: 5 μl M-MLV 5X reaction buffer, 5 μl 2.5 
mM dNTPs, 20 units of RNase inhibitor (Invitrogen, Carlsbad, California), 200 units of 
M-MLV reverse transcriptase (Promega, Madison, WI) and RNase-free water to make up 
the volume to 25 μl. Reaction tubes were incubated at 30°C for 30 min and then at 42°C 
for 30 min. 2 μl of 10X diluted products were used for PCR using gene-specific primers. 
 
RT-PCR to detect GmPUB1 expression profile 
Etiolated hypocotyls of 7-day old dark grown seedlings of the cultivars Williams 
and Williams 82 were infected with 10 μl P. sojae zoospores (1 X 105 spores/mL) or 
inoculated with sterile water. Tissues were excised from the inoculation sites 0, 2, 6, 12 
and 24 h post-inoculation. Total RNAs were prepared and the first strand cDNA was used 
for specific gene amplification. GmPUB1 primer pair (forward primer: 5‟- 
GGCTGCATTGAAGCTCATTGTGGAGCTC-3‟, reverse primer: 5‟- 
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CGCCCTTCTGCACACCCACAAAGCTGATC-3‟) was used to amplify both GmPUB1-
1 and GmPUB1-2. The cycling parameters were 30 cycles of denaturing at 94°C for 30 
sec, annealing at 50°C for 30 sec, and extension at 72°C for 45 sec; followed by 72°C for 
10 min. PCR products were digested with TaqI to distinguish the the two GmPUB1 
genes. The digested PCR products were separated in a 2 % agarose gel and visualized 
under UV light. Elf1B (forward primer: 5‟-CACACCGAAGAGGGCATCAAATC-3‟, 
reverse primer: 5‟-CTCAACTGTCAAGCGTTCCTCAAC -3‟) was used as the internal 
control. 
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Table 1. Candidate Avr1b-interactors showing in vivo interacton with Avr1b 
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Figure 1. Phylogenetic analysis of soybean U-box proteins, GmPUB1-1 and GmPUB1-2. 
(A) Phylogenetic analysis of GmPUB1s and related sequences from Arabidopsis, 
tobacco, rice, parsley, hot pepper, tomato and barley. Full length amino acid sequences of 
selected U-box proteins were aligned using ClustalW with the neighbor-joining method. 
Each sequence was identified with a species prefix (Gm, Glycine max; At, Arabidopsis 
thaliana; Os, Oryza sativa; Nt, Nicotiana tabacum; Nb, Nicotiana benthamiana; Hv, 
Hordeum vulgare; Si, Solanum lycopersicum; Pc, Petroselinum crispum; Ca, Capsicum 
annuum) followed by its name. Green and red box represent negative and positive 
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regulatory function in the activation of plant defense responses. (B) Comparison of the U-
box domain sequences from soybean, Arabidopsis and rice. Amino acids with a single 
color are clusters of amino acids with similar physiochemical properties. Amino acids 
that are identical in all six proteins are marked with asterisk. Conserverd and semi-
conserved substitutions are marked with colon and dot.  
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A 
                                               W                                                          Y                GmPUB1-1
∆71-397
   GmPUB1-2    anti-PCD 
Avr1b WT  K AYEKWAKKGYSLDKIKNWLAI  ADPK  QKGKYDRIYNGYTFHRYQ S     +          +        + 
Avr1b W1  K AAEKAAKKAYSGDKGKNALAI  ADPK  QKGKYDRIYNGYTFHRYQ S     n.t.       -        -      
Avr1b W2  K AYSKWASKGYSLSSIKSWLAI  ADPK  QKGKYDRIYNGYTFHRYQ S     +          +        + 
Avr1b W3  K AYEKWAKKGYSLGGGGNWLAI  ADPK  QKGKYDRIYNGYTFHRYQ S     -          -        - 
Avr1b W4  K AYEKWAKKGYSLDKGKNWLAI  ADPK  QKGKYDRIYNGYTFHRYQ S     -          -        - 
Avr1b W5  K AYEKWAKKGYSLDKAKNWLAI  ADPK  QKGKYDRIYNGYTFHRYQ S     +          -        - 
Avr1b W6  K AYEKWAKKGYSLDKVKNWLAI  ADPK  QKGKYDRIYNGYTFHRYQ S     +          +        + 
Avr1b Y1  K AYEKWAKKGYSLDKIKNWLAI  ADPK  QKGAAAAIYAAYTAARYQ S     -          -        ± 
 
 
 
Figure 2. Interactions of GmPUB1s with Avr1b and mutant Avr1b proteins. (A) 
Sequences of W and Y motifs of Avr1b, Avr1b mutants and their interaction with 
GmPUB1s and PCD responses in an Rps1-b containing line. Mutations are in red and 
shaded. +, interaction; -, no interaction; ±, partially active; n.t., not tested. Anti-PCD 
activity was cited from Dou et al., 2008, indicating the ability of Avr1b to suppress 
proapoptopic protein BAX-induced programmed cell death (PCD) in soybean leaves 
containing Rps1-b. (B) Yeast two-hybrid assays for in vivo interactions of GmPUB1 with 
Avr1b and mutant Avr1b proteins. (Upper panel) Schematic representation of protein 
fragment of GmPUB1s used in yeast two-hybrid assay. (Lower panel) Yeast strain 
EGY48/pSH18-34 containing combinations of truncated GmPUB1-1 in the prey vector 
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pB42AD and C-terminal mutated forms of Avr1b in the bait vector pLexA, or full length 
GmPUB1-2 in the bait vector pLexA and Avr1b mutants in the prey vector pB42AD 
were grown on SD/Gal/Raf/X-gal/BU/-His/-Trp/-Ura plate and SD/Gal/Raf/-His/-Trp/-
Ura/-Leu plate for 2 days to allow detection of LacZ and Leu2 gene expression 
respectively. Blue color in X-gal containing plate and colony growth on minimum 
medium lacking leucine suggests the presence of protein-protein interactions. 
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Figure 3. In vitro interactions of Avr1b with GmPUB1 proteins. Recombinant fusion 
proteins HA-Avr1b, His GmPUB1-1 and His GmPUB1-2 were expressed via TNT ® T7 
quick for PCR DNA system (Promega, Madison, WI). Aliquots of HA-Avr1b (lane 1), 
His GmPUB1s (lane 2 and 3) used in the pull-down assay were blotted onto membrane 
and hybridized to anti-HA and anti-His antibodies, respectively. His-GmPUB1-1 and 
His-GmPUB1-2 were incubated with HA-Avr1b that was immobilized onto anti-HA 
agrose beads overnight at 4°C. The bound proteins were eluted, resolved by SDS-PAGE 
and blotted onto to membrane and then hybridized to anti-His and anti-HA antibodies, 
respectively (lane 4 and lane 5). HA-Avr1b (lane 6) or His-GmPUB1 (lane 7 and 8) alone 
was used as negative controls. 
Predicted sizes of the recombinant proteins are: HA-Avr1b, ~ 18.6 kDa; His-GmPUB1-1, 
~ 48 kDa and His-GmPUB1-2, ~ 48 kDa. 
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Table 2. The nucleotide sequences of primers used in pull down assay 
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Figure 4. Generation of fusion plasmids for localization of GmPUB1 proteins. (A) 
Schematic diagrams of fusion plasmids generated for localization of the GmPUB1 
proteins. (B) Transient expression showing sub-cellular localization of GmPUB1-1 and 
GmPUB1-2 in soybean hypocotyl and onion epidermal cells. Green fluorescence signals 
were observed under a fluorescence microscope 24 h following bombardment of 
individual plasmids. Arrows show the nuclei. 
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Figure 5. Bimolecular fluorescence complementation suggests in vivo interaction 
between Avr1b and GmPUB1-1 protein in onion epidermal cells. Fluorescence images of 
onion epidermal cells transiently expressing YFP
N
, N-terminal half of YFP and YFP
C
, C-
terminal half of YFP fusion constructs show in vivo interaction between Avr1b and 
GmPUB1-1. Complemented YFP protein was detected using the green isothiocyanate 
filter set that detects green fluorescence. Arrows show fluorescence observed from 
complementation of the YFP
C
-Avr1b with the GmPUB1-1
∆71-397
-YFP
N
 intensely in 
nuclei. Results confirm in planta interaction between Avr1b and GmPUB1-1
∆71-397
. No 
fluorescence was detected in the empty vector control. 
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Figure 6. GmPUB1-1 and GmPUB1-2 act as E3 ubiquitin ligases and are self-
ubiquitinated. In vitro ubiquitination assays were performed in presence of combinations 
of components as listed on top of the figure. His-GmPUB1-1 and His-GmPUB1-2 were 
monoubiquitinated in vitro when incubated with E1, E2, ATP and HA-Ub. Lines 1–4 and 
7, 8 are negative controls. Ubiquitinated GmPUB1-1 and GmPUB1-2 are marked by 
arrow. The reactions were resolved by 10% SDS-PAGE and gel blotted with anti-HA 
antibody. E1, ubiquitin-activating enzyme; E2, ubiquitin-conjugating enzyme; Ub, 
ubiquitin. 
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Figure 7. Reduced GmPUB1 transcript level following RNAi resulted in susceptible 
phenotype in Williams 82 cotyledons. (A) RT-PCR analysis of the GmPUB1 transcript 
levels following transformation of soybean cotyledons with A. rhizogenes harboring the 
GmPUB1 RNAi vector. Soybean Williams 82 cotyledonary tissues, different days 
following transformation with A. rhizogenes harboring the GmPUB1 RNAi vector, were 
harvested for preparation of total RNAs that were subjected to RT-PCR. Reduced 
GmPUB1 mRNA accumulation was observed on day 6 following transformation. 
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Soybean Actin gene was used as the internal control to normalized the total RNAs used in 
RT-PCR analysis. (B) Disease phenotypes of Williams 82 and Williams cotyledons 
infected with P. sojae isolate, CC5C. A small lima bean agar preparation containing the 
P. sojae mycelia was used as the inoculum to infect cotyledons 6 days following 
transformation with A. rhizogenes harboring the GmPUB1 RNAi vector. Pictures were 
taken 5 days post-infection with P. sojae. (C) Extent of disease development following P. 
sojae infection. GmPUB1-silenced 20 cotyledons each of Williams and Williams 82 were 
infected with P. sojae CC5C mycelia and scored every 24 h post-infection. Average and 
standard error were calculated from 20 infected cotyledons. Disease scores ranged 
between 0 and 5. 0, no observable symptoms; 1, 1-10%; 2, 10%-25%; 3, 25%-50%; 4, 
50%-75%; 5, 75%-100% of the cotyledonary areas were infected. 
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Figure 8. Induction of GmPUB1-1 following P. sojae infection. Soybean Williams and 
Williams 82 etiolated hypocotyls treated with H2O or infected with P. sojae CC5C 
zoospores (Ward et al. 1979) and tissues were harvested at various time points following 
water or zoospores inoculation. Prepared cDNAs from hypocotyls tissue samples was 
subjected to amplification with GmPUB1 primers and then digestion with TaqI. Products 
were separated in a 2 % agarose gel and visualized under UV light. GmPUB1-1 and 
GmPUB1-2 products were 174 bp.  GmPUB1-2 product was digested to 87, 60 and 27 bp. 
The Elf1B gene was used as the internal control to standardize the total RNA used for 
PCR from different treatments. 
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Figure 9. Identification of candidate substrates of GmPUB1 for plant defense pathway. 
(A) Eight GmPUB1-2-interactors were streaked on SD/Gal/Raf/X-gal/BU/-His/-Trp/-Ura 
and SD/Gal/Raf/-His/-Trp/-Ura/-Leu plates to assay β–galactosidase (LacZ) activity and 
complementation for leucine (Leu2) auxotrophy. Avr1b was used as the positive control. 
(B) GmPUB1-2-interactors and their putative functions. For zinc finger protein, 
experimental data are provided in Appendix I. 
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CHAPTER 3 GENERAL CONCLUSION 
 
We have identified a U-box protein, which interacts with Phytophthora sojae (P. 
sojae) effector Avr1b in yeast. It is named GmPUB1-1. A homologous copy of the 
GmPUB1-1 gene was found in the soybean genome database 
(http://www.phytozome.net/soybean) and was named GmPUB1-2. Both of the genes 
encode 403 amino acid proteins which share 94% identities. The U-box domain is located 
in the N-terminal. Phylogenic analysis revealed that GmPUB1-1 and GmPUB1-2 were 
close to plant U-box proteins which are known to negatively regulate basal pathogen 
defense. Pull-down assays confirmed that the two GmPUB1 proteins interact with Avr1b 
in vitro. Several mutant Avr1b forms with mutations in the C-terminal W and Y motifs 
(Dou et al., 2008) were tested for their interactions with GmPUB1s. GmPUB1-1 lacking 
the N-terminal U-box domain can interact with Avr1b. Mutations in some C-terminal 
conserved residues of Avr1b abolished the interactions of Avr1b with GmPUB1s and 
anti-PCD activity of Avr1b (Dou et al., 2008b).  Similar results were observed when the 
entire GmPUB1-2 protein was used to study the interactions with Avr1b mutants. By 
fusing GmPUB1 proteins to the GFP tag, GmPUB1s were localized to the cytoplasm and 
nuclei of onion scale cells and cytoplasm of soybean epidermal cells. Bimolecular 
fluorescence complementation (BIFC) experiment suggested that the interaction of 
GmPUB1 with Avr1b most likely takes  place in the nucleus.  In vitro ubiquitination 
assay demonstrated that GmPUB1-1 and GmPUB1-2 possess E3 ligase activities. Gene 
silencing of the GmPUB1 genes in cotyledons of the soybean cultivar Williams 82 
showed loss of race-specific Phytophthora resistance encoded by Rps1-k, suggesting their 
positive roles in R-gene mediated immunity. Elevated GmPUB1-1 mRNA level was 
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observed following P. sojae infection.  Eight putative GmPUB1-2- interacting proteins 
were identified by screening a prey cDNA library. The expression profile of a zinc finger 
protein interactor was further determined by RT-PCR and was found to be down-
regulated in infected tissues. Taken together, the studies presented in this thesis cover 
from GmPUB1s‟ identification, their cellular localization, and their functional 
characterization. It is most likely that GmPUB1s participate in defense signaling 
regulation through the E3 ligase activity in nucleus. We can further explore GmPUB1s by 
characterizing GmPUB1-2-interacting proteins and answering the following questions: 
What is the role of the GmPUB1 proteins in P. sojae detection and defense pathways? 
What are the symptoms and properties of GmPUB1-silenced or overexpression soybean 
lines? 
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APPENDIX EXPRESSION ANALYSIS OF GmPUB1-2_Int_4 ENCODING A  
 
ZINC FINGER PROTEIN 
 
The selective and correct expression of any gene is primarily based on binding of 
regulatory proteins, commonly known as transcription factors, on the upstream promoter 
regions of genes. Zinc finger proteins are widely accepted as an important class of 
transcription factors conferring DNA sequence specificity (Klug, 1999). Among eight 
GmPUB1-2 interactors, we are particularly interested in the GmPUB1-2_Int_4 that 
encodes a zinc finger protein. RT-PCR was applied to detect its steady state mRNA 
levels under biotic and abiotic stresses. As seen in Figure 10, steady state transcript levels 
of GmPUB1-2_Int_4 were reduced in P. sojae-infected etiolated hypocotyls tissues while 
upregulated under abiotic stresses such as drought, treatments with either jasmonic acid 
(JA) or abscisic acid (ABA). JA and ABA are reported to be essential in fine-tuning the 
induction of defenses signaling networks in plants (Adie et al., 2007; Asselbergh et al., 
2008). Further work is needed to elucidate and establish the possible innate mechanisms 
controlled by GmPUB1 proteins through regulation of GmPUB1-2_Int_4.  
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Figure 10. Transcripts analysis of GmPUB1-2_Int_4 following P. sojae infection. In 
contrast to water control, steady state mRNA levels were found be reduced in P. sojae 
infected Williams and Williams 82 tissues as shown through RT-PCR analyses. 
GmPUB1-2_Int_4 corresponded to the 426 bp RT-PCR product. The Elf1B gene was 
used as the internal control to standardize the total RNA used for RT-PCR analyses. 
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Figure 11. GmPUB1-2_Int_4 expression profile under various abiotic stresses. RT-PCR 
analyses was conducted by using total RNAs harvested from soybean seedlings with 
various abiotic stresses: water, cold, drought, dark, NaCl, salicylic acid (SA), jasmonic 
acid (JA), abscisic acid (ABA) and UV light. 
 
 
 
 
